We examined the impact of extreme temperatures on mortality in 12 counties across Hubei Province, central China, during 2009-2012. Quasi-Poisson generalized linear regression combined with distributed lag non-linear model was first applied to estimate county-specific relationship between temperature and mortality. A multivariable meta-analysis was then used to pool the estimates of county-specific mortality effects of extreme cold temperature (1st percentile) and hot temperature (99th percentile). An inverse J-shaped relationship was observed between temperature and mortality at the provincial level. Heat effect occurred immediately and persisted for 2-3 days, whereas cold effect was 1-2 days delayed and much longer lasting. Higher mortality risks were observed among females, the elderly aged over 75 years, persons dying outside the hospital and those with high education attainment, especially for cold effects. Our data revealed some slight differences in heat-and coldrelated mortality effects on urban and rural residents. These findings may have important implications for developing locally-based preventive and intervention strategies to reduce temperature-related mortality, especially for those susceptible subpopulations. Also, urbanization should be considered as a potential influence factor when evaluating temperature-mortality association in future researches.
1
. An increased frequency and intensity of temperature extremes were projected to proceed worldwide, and unstable weather patterns will continue to occur, at least for the foreseeable future 2, 3 . It was estimated that 7.71% (95% CI: 7.43-7.91) of daily total deaths were attributable to high and low ambient temperature in a recent multi-country observational study 4 . Therefore, it has become one of the most urgent tasks for governments and policy-makers to take efficient actions, in order to reduce the mortality burden of extreme temperatures on public health.
Temperature-mortality relationships have been described as U-, V-, W, or J-shaped in numerous previous epidemiological studies [5] [6] [7] [8] [9] [10] , which revealed the adverse health impacts of low and/or high temperatures. However, temperature-related mortality effects varied greatly by countries and regions, and differed even from city to city 4, 7, 11, 12 . Moreover, climate patterns, socioeconomic status (e.g., education attainment), and study populations (e.g., different genders and age groups) can also modify temperature-mortality associations [13] [14] [15] . Studies investigating temperature-mortality associations started later in mainland China, compared with those conducted in high-income countries/regions. In recent years, mortality impact assessment of extreme temperatures has gotten increasing attention in China. Furthermore, a number of multi-city studies have been conducted across a large span of latitudes and various climate characteristics 6, 8, 12, 16, 17 . Nevertheless, these multi-city studies mainly focused on some major metropolises, such as provincial capital cities or direct-controlled municipalities. In spite of less researches reported in rural counties, rural populations may exhibit different patterns of vulnerability to cold and heat effects 18, 19 , considering the huge differences of living conditions and healthcare systems between urban and rural areas.
A Chinese national analysis divided the selected 66 communities into northeast, north, northwest, east, central, southwest, and south China, and demonstrated distinct temperature-mortality relationships in the seven geographical regions 20 . It was thus inferential that, in such a large country like China with very imbalanced economic and social development, regional multi-center studies provided more targeted policy support for developing local adaptive strategies and preventive warning system of temperature extremes.
In this study, we conducted a provincial analysis from 12 urban and rural counties across Hubei Province in China, to assess the impact of extreme temperatures on mortality, and explore the potential differences in coldand heat-related mortality effects between urban and rural counties at the provincial level. The findings may contribute to developing effective adaptation and intervention strategies in response to climate change for local government and the public in Hubei, China. Table S1 describes county-specific population characteristics by gender and age group for the 12 counties across Hubei Province in China. The population sizes of the selected counties in 2010 ranged from 0.15 million (Wujiagang) to 1.63 million (Tianmen). Table 1 gives the descriptive statistics on population size, daily mortality and weather conditions. A total of 146,676 non-accidental deaths were included in this study and a daily average of 9.1 deaths (from 2.3 to 22.2) were observed. The 12 counties showed similar climate characteristics. The annual mean temperature was 16.6 °C, with the lowest in Wufeng (14.7 °C) and the highest in Huangshigang (17.4 °C). The daily mean relative humidity was 74.7% and ranged from 67.6% in Macheng to 77.1% in Huangshigang. Figure 1 shows the county-specific and pooled exposure-response curves between mean temperature and daily mortality at different cumulative lag days. In general, the 12 counties across Hubei Province exhibited similar county-specific temperature-mortality relationships, and the pooled non-linear curves were found to be J-shaped or inverse J-shaped. For lag 0-2, high temperatures significantly increased mortality risk to some extent, whereas cold temperatures presented a certain protective effect. Growing adverse mortality impacts of cold temperatures were consistently observed when extending cumulative lag days from 0-7 to 0-21. Nevertheless, the effects of high temperatures weakened gradually and showed little influence in increasing mortality risk at lag 0-21 days. Figure 2 illustrates the lag patterns for pooled heat effect and cold effect on non-accidental mortality of the 12 counties in Hubei Province. Heat effect occurred immediately and persisted for 2-3 days, and some potential mortality displacement was observed in longer lags; whereas cold effect was 1-2 days delayed and much longer lasting. Similar lag patterns were also observed among subgroups stratified by gender and age group ( Figures S1  and 2) . Figure S3 shows county-specific and pooled cold effects, which were much larger than heat effects ( Figure S4 ). Pooled mortality risk was 1.097 (95% CI: 1.044-1.153) for heat effect at lag 0-2 days, and 1.828 (1.468-2.277) for cold effect at lag 0-21 days. Both county-specific heat and cold effects showed some heterogeneity. Heat effects varied from 0.965 (0.852, 1.093) in Gucheng to 1.243 (1.119-1.381) in Tianmen ( Figure S4 ), while cold effects were found to be the lowest with 0.874 (0.469-1.629) in Gucheng and the highest with 3.387 (1.922-5.970) in Yunmeng ( Figure S3) . Table 2 summarizes the pooled mortality risks of heat and cold effects at lag 0-2 days and lag 0-21 days, stratified by gender, age, education attainment, and place of death. Effect differences between subgroups were more obviously observed in cold effects rather than heat effects. Both heat and cold effects were significantly associated with increased mortality risks among females and males, while the effect estimates were slightly higher among females. Compared with those less than 75 years old, the elderly aged over 75 years showed a relatively higher mortality risk for heat effect and a distinctly higher mortality risk for cold effect. More pronounced and higher mortality effects were observed for those dying outside the hospital than those dying in hospital. Those with higher education attainment, instead of those with low education attainment, were found to be significantly affected by heat and cold effects. Figure 3 calculates the pooled mortality risks of heat effect (lag 0-2) and cold effect (lag 0-21) for urban and rural counties. Generally, both urban and rural counties showed consistent results with those subgroup analyses presented in Table 2 , whereas we also found some differences in effect estimates. Heat effects were slightly higher in rural counties, while stronger cold-related mortality impacts were found in urban counties. A substantial difference among subgroups stratified by place of death was observed for heat effect in urban counties while for cold effect in rural counties. 
Results

Discussion
In this epidemiologic investigation, we examined temperature-mortality relationships using consistent statistical methods in 12 counties across Hubei Province of central China during 2009-2012. The analysis identified distinct exposure-response and lag-response patterns at the provincial level in mortality effects of high and low temperatures, which may differ greatly in subgroups stratified by some individual factors, such as age, education attainment and place of death. Further, our data revealed some slight differences in heat-and cold-related mortality effects on urban and rural residents. These findings may have important implications for public health policies in Hubei Province, China.
Based on the 12 selected counties included in our study, we found an overall inverse J-shaped association between mean temperature and mortality at the provincial level. However, temperature-mortality associations varied greatly from a worldwide perspective 4, 7, 21, 22 . As demonstrated in many epidemiologic investigations, these huge heterogeneity in health effects of temperature can be attributed a lot to geographical locations (e.g., latitudes) and climate features 14, [23] [24] [25] . Consistent with another regional analysis of 9 communities in central China 20 , the present study revealed that, low temperatures rather than high temperatures did significantly increase mortality risks at lag 0-21 days, and comparable mortality risks were further observed when estimating pooled cold and heat effects.
As shown by a global analysis using data from 384 locations in 13 countries and regions 4 , far more temperature-attributable deaths were caused by cold (7.29%, 7.02-7.49) than by heat (0.42%, 0.39-0.44). Further more, a national investigation conducted in 16 large Chinese cities during 2007-2013 found that, cold temperatures accounted for about 92.4% (15.8% out of 17.1%) and 90.3% (13.1% out of 14.5%) of total cardiovascular and stroke deaths attributable to non-optimum temperatures, respectively 11, 12 . These large-scale studies confirmed our findings that cold-related mortality impact contributed to the majority of health burden due to non-optimum temperatures.
Consistent with most previous findings, our study demonstrated that heat effects appeared immediately and usually lasted only 2 or 3 days, whereas cold effects were 1-2 days delayed but more long-lasting. In our analyses assessing mortality effect of temperature, 21 days was determined as the maximum lags, since using short lags cannot completely capture the effects of both low and high temperatures 10 . Cold effects could be underestimated because they usually lasted more than a week, while heat effects may be overestimated because potential mortality displacement might occur in longer lags 9, 10 . In our results there was evidence of some mortality displacement, which could be observed during lags of 4-10 days and 15 days later. This phenomenon of harvest effect was considered to explain at least some of the observed mortality effect of high temperatures for the present study 26 . However, the presence of displacement phenomenon for heat effects varied greatly in different countries and regions 7 . It could be thus inferred that, only timely preventive measures do help in weakening the health impacts of high temperatures, while several weeks' protection should be implemented to reduce the mortality burden from low temperatures 7 . In this study, several potential individual-level modifiers were identified in cold-and heat-related mortality impacts, and the differences of these effect estimates between subgroups mainly focused on the effects of cold temperatures ( Table 2) . We found stronger associations among females than males, older people than young people, and residents dying outside the hospital than those dying in hospital. These findings were in accordance with most previous studies [27] [28] [29] [30] . Due to the differences in physiological functions and health status, thermoregulatory and adaptive capacity, and social and living conditions, females and the elderly usually have greater susceptibility to temperature extremes 18, 31 . Since individual-level older ages and community-level percentage of elderly people were positively associated with increased mortality effects of extreme temperatures 14, 32, 33 , and further considering the rapid aging trend of Chinese society, a growing mortality burden will be attributable to extreme temperatures among Chinese population in the coming decades 6, 15, 32 . Residents dying outside the hospital had higher mortality risk, the finding of which could be biologically explained by higher intensity of exposure to a cold and heat environment, worse healthcare and health insurance system for those dying outside the hospital 14 . The fact of social inequality calls for more attention in China, and central and local governments should make great efforts to improve the healthcare provision, especially for the social disadvantaged group 15 . Education attainment is regarded as one of the most important factors reflecting one's overall socioeconomic status. A number of previous studies 28, [34] [35] [36] revealed that, persons with lower education attainment were more vulnerable to temperature-related mortality, which could partly result from poorer housing conditions and health status, and more limited access to health care. Surprisingly, our investigation showed that those with high education level suffered more greatly to temperature-related mortality. This contrary result, which may seem irrational to some researchers, was also observed in another two recent multi-city studies conducted in China 15, 37 . There are several possible explanations for these inconsistent results. Firstly, higher educated groups are expected to have longer lifespans 38 . In other words, those with higher education attainment generally die at relatively older ages (Table S2 ). This would increase the proportion of higher educated groups in the elderly (Table S2) , who are more vulnerable to temperature extremes. Secondly, highly educated population are mostly brainworkers and generally of poor adaptability to temperature changes due to relative lack of physical exercise 37 . Besides, the obtained data on education attainment for those deaths were of rough stratification (e.g., 0-6, 7+ years and unclear) containing some missing information, and this incompleteness in collected data may result in some unavoidable bias 37 and have limited our ability to detect the tenuous difference in the present study. Therefore, further well-designed large-scale investigations should be conducted to better understand the underlying reason for this discrepancy.
Previously, persons living in urban counties were identified as more vulnerable to extreme heat, which was attributed to the urban heat island effect and high population density 15 . Nevertheless, rural counties usually have poor infrastructure for heatstroke prevention and cooling system in summer (e.g., air conditioning usage), as well as pool knowledge and behavior coping with high temperatures 19 . Our study showed stronger heat effects in rural counties than in urban counties, which was in line with a previous study 39 . Moreover, a recent provincial investigation conducted in Jiangsu, China found that, less urban counties showed a higher pooled heat-related mortality risk with 1.43 (95% Posterior Intervals: 1.36-1.50) compared with 1.26 (1.23-1.30) in more urban counties 33 . These inconsistent results highlight a need to comprehensively understand the contributing proportion attributable to those independent factors influencing heat-related mortality, in order to design county-targeted preventive and control strategies. For cold effects, we observed more significant differences in rural counties among subgroups stratified by place of death. Compared with urban counties, rural counties in Hubei, China have several times broader area, and road transport in the vast majority of remote countrysides was hampered by mountains and hills, hence resulting in greater inequality in accessing timely emergency and treatment services during extreme cold temperatures. Besides, due to the influence of the Chinese tradition, rural residents who are almost dying tend to stay at home rather than go to hospital, which may be an additional reason for more deaths occurring outside the hospital in rural counties 18 .
Several limitations of this study should be noted. Firstly, we did not adjust for air pollution in the analysis due to data unavailability. A number of recent investigations have revealed that both cold-and heat-related mortality risks kept almost unchanged with and without air pollutants being controlled 7, 30, 40 . Thus, our main results are not expected to be significantly affected. Secondly, the meteorological variables came from only one basic-reference surface weather observation station or automatic station in a county, which may induce some degree of exposure misclassification 27 . However, given the fact that the weather data would not vary substantially within a county with a relative small geographic area, these station-based environmental monitoring factors would be able to basically represent the local weather pattern 20, 27 . Finally, since some county-specific socioeconomic indicators (e.g., per capita income, afforestation coverage ratio, and ownership number of air-conditioning per 100 households) were not available in this study, and also limited by the relative small number of included counties, we could not further explore potential county-level effect modifiers of the temperature-mortality relationship 14, 33 , which would be helpful in developing more effective intervention strategies to reduce cold-and heat-related mortality burden.
Conclusions
This study suggested that short-term exposures to both low and high temperatures were associated with increased mortality in Hubei, China, while the cold effect was more pronounced and long-lasting than the heat effect. Females, the elderly, and those with high education attainment and dying outside the hospital were more vulnerable to extreme temperatures. Also, urbanization should be considered as a potential influence factor when evaluating temperature-mortality association in future epidemiological studies. These findings may have important implications for developing locally-based preventive and intervention strategies to reduce temperature-related mortality, especially for those susceptible subpopulations.
Materials and Methods
Study area and population. The National Disease Surveillance Points (DSPs) System of China established in 1980 was administrated by the Chinese Center for Disease Control and Prevention (China CDC). The system during the study period consisted of 161 nationally representative urban and rural sites from 31 provinces covering 78 million people, roughly 6% of Chinese population 41 . Located in central China and the middle reaches of the Yangtze River, Hubei Province had a population of 58.16 million in 2010 and covered an area of 185.9 thousands km 2 . DSPs distributed across Hubei Province included twelve counties, which were selected as the provincially representative sample in the present study 42 (Fig. 4) . Six counties including Jiangan, Qiaokou, Huangshigang, Zhangwan, Maojian and Wujiagang were urban communities (districts), and others were rural communities (villages or countrysides). The 12 selected counties are home to 6.7 million inhabitants, which accounts for 11.6% of the total population in Hubei Province.
Data collection.
County-specific daily non-accidental mortality data from January 1, 2009 through December 31, 2012 were obtained from the National Death Registration Reporting Information System of DSPs. Generally, for every death case, the Medical Certificate of Cause of Death must be completed in a very standardized form by the hospital or community/village doctor with the practicing physician qualification. The death information can be then registered into the network reporting system of the local CDC. Non-accidental causes of deaths were categorized using codes A00-R99 from the International Classification of Diseases 10th Revision (ICD-10). Daily non-accidental deaths were also divided into several subgroups stratified by gender, age (0-74 years, 75+ years), education attainment (low: 0-6 years, high: 7+ years), and place of death (in hospital or outside the hospital).
County-specific daily meteorological data on maximum, mean, and minimum temperature and relative humidity for the same period were obtained from the China Meteorological Data Sharing Service System (http:// cdc.cma.gov.cn). Meteorological data for each community were obtained from one basic-reference surface weather observation station or automatic station. Limited by data availability and based on the assumption that weather data would not vary substantially within a city, we used meteorological data of Wuhan City for two of her urban districts (Jiangan and Qiaokou), and Xiaogan City for two of her rural counties (Yingcheng and Yunmeng).
Data analysis.
A two stage approach was used to conduct data analysis in the present study, which was well documented in previous studies 25 . In the first stage, we applied a standard time-series quasi-Poisson generalized linear model (GLM) combined with distributed lag nonlinear model (DLNM) to estimate county-specific association between temperature and mortality 43, 44 . Briefly, the GLM regression included the following covariates: (1) a natural cubic smooth function of time with 7 degrees of freedom (df) per year to control for long-term and seasonal trends; (2) a natural cubic smooth function of relative humidity with 3 df; and (3) indicator variables for "day of the week (DOW)" and public holiday. DLNM was then used to model the exposure-response association with a natural cubic spline with three internal knots placed at the 10th-50th-90th percentiles of county-specific temperature distributions, and the lag-response association with a natural cubic spline and knots placed at equally-spaced values in the log scale 4, 20 . To completely capture the overall effect of cold temperatures and adjust for any potential harvesting for hot temperatures, we used 21 days as the maximum lag for temperature according to previous studies 4, 7, 20 . The above county-specific association was then reduced to the overall temperature-mortality association, which cumulated the risk during the lag period (lag 0-21). Cumulative temperature-mortality associations for different days of lag, such as lag 0-2, lag 0-7 and lag 0-14, can also be obtained by conducting similar procedures.
In the second stage, we conducted a multivariate meta-analytical model 45 to pool the estimated county-specific cumulative temperature-mortality relationship for different days of lag so as to examine the exposure-response association at the provincial level. To quantitatively estimate the mortality risks of exposure to cold and hot temperatures, we first extracted the minimum-mortality temperature (MMT) based on the county-specific overall temperature-mortality association. And county-specific MMT was then used as the reference temperature to calculate the mortality risks at 1st percentile (cold temperature) and 99th percentile (hot temperature) of mean temperature distribution, which corresponded to county-specific cold effect and heat effect, respectively 20 . Pooled lag-response associations for cold and heat effects can be also obtained by conducting additional multivariable meta-analysis described above.
To check the main findings of this study, sensitivity analyses were performed by changing df (3-6 per year) in the smoothness of time. We also changed df (4-6) for humidity, and varied the maximum lags from 22 to 28 days in the temperature-DLNMs.
The statistical tests were two-sided, and effects of p < 0.05 were considered statistically significant. All the analyses were performed with the R software (version 3.2.2; http://www.r-project.org/). County-specific temperature-mortality associations were estimated using R package "dlnm". Multivariate meta-analysis was conducted using package "mvmeta". 
